including the PI3K/Akt, Ras/MAPK/Rsk, and PKA pathways (Datta et al., 1999; Talapatra and Thompson, 2001). These survival kinases are thought to prevent apoptosis Division of Neuroscience tors of mitochondrial function such as the BCL-2 family Children's Hospital and member BAD, regulators of metabolism such as GSK-3, Department of Neurobiology and transcription factors of the Forkhead family such Harvard Medical School as FOXO3a (reviewed in Brunet et al., 2001; Datta et al., Boston, Massachusetts 02115 1999). Although these survival kinase substrates have 2 Departments of Pathology and Medicine been suggested to play a role in growth factor-depen-Harvard Medical School dent cell survival, a gap in the understanding of survival Howard Hughes Medical Institute factor function arises from the absence of evidence that Dana-Farber Cancer Institute phosphorylation and inactivation of these survival ki-Boston, Massachusetts 02115 nase substrates is important for cell survival under physiological conditions. As such, it is not clear whether inactivation of BAD, FOXO3a, or other potential survival Summary kinase substrates is required for cell survival. The proapoptotic BCL-2 family member BAD has been Growth factor suppression of apoptosis correlates suggested to link survival signals to the mitochondrial with the phosphorylation and inactivation of multiple cell death machinery (Zha et al. , 1996). BAD belongs to proapoptotic proteins, including the BCL-2 family a subfamily of BCL-2 proteins that are similar to BCL-2 member BAD. However, the physiological events rein that they share a BCL-2 homology 3 (BH3) domain. quired for growth factors to block cell death are not These "BH3-only" proteins serve as molecular sentinels well characterized. To assess the contribution of BAD whose activity or expression is regulated in response to inactivation to cell survival, we generated mice with specific death stimuli (Puthalakath and Strasser, 2002). point mutations in the BAD gene that abolish BAD BAD is a BH3-only protein whose activity is regulated phosphorylation at specific sites. We show that BAD by extracellular survival signals. Growth factors induce phosphorylation protects cells from the deleterious the phosphorylation of BAD at three sites, Ser-112, Sereffects of apoptotic stimuli and attenuates death path-136, and Ser-155, which inactivates the proapoptotic way signaling by raising the threshold at which mitoactivity of BAD (Datta et al., 2000; Lizcano et al., 2000; chondria release cytochrome c to induce cell death. Virdee et al., 2000; Zha et al., 1996). Several kinases that These findings establish a function for endogenous have been implicated in survival signaling have been BAD phosphorylation, and elucidate a mechanism by proposed to mediate BAD phosphorylation, including which survival kinases block apoptosis in vivo. Akt, Rsk, PAK, p70 S6K , and PKA (Bonni et al., 1999; Datta et al., 1999; Harada et al., 2001; Schurmann et al., 2000; Introduction Tan et al., 1999). Upon growth factor withdrawal, BAD is dephosphorylated at Ser-112, Ser-136, and Ser-155, Growth factors play critical roles in promoting the surand this active form of BAD binds to prosurvival BCL-2 vival of many different cell populations during metazoan family members at the mitochondria. The binding of BAD development (Raff, 1992). As the nervous system develto prosurvival BCL-2 proteins is followed by the oligoops, neurons compete for limiting quantities of neuromerization of the proapoptotic BCL-2 proteins BAX and trophic factors that promote the survival of those neu-BAK, which results in mitochondrial dysfunction, cytorons that successfully innervate their targets (Segal and chrome c release, caspase activation, and apoptotic Greenberg, 1996). Likewise, cells of the immune system death (Cheng et al., 2001; Wei et al., 2001; Zong et al., secrete cytokines whose activity induces the survival of 2001). populations of lymphocytes that are essential to normal The phosphorylation of endogenous BAD at Ser-112, immune function (Plas et al., 2002). Growth factors also Ser-136, and Ser-155 occurs under many conditions in function in mature organisms to promote the survival of which growth factors promote cell survival in cell culture cells challenged with apoptotic stimuli such as tumor (reviewed in Datta et al., 1999). This correlation has led necrosis factor ␣ (TNF␣) or ionizing radiation (Rosen et to the suggestion that BAD phosphorylation is essential al. , 1999; Venters et al., 2000) .
phosphorylation in trophic factor-mediated cell survival, BAD ϩ/ϩ and BAD 3SA/3SA tissues were similar. In contrast, Western blotting of whole-brain lysate with an antibody we generated mutant mice (BAD 3SA/3SA ) in which the three regulatory serines in BAD (Ser-112, Ser-136, and Ser-that specifically recognizes BAD when it is phosphorylated at Ser-155 detected Ser-155-phosphorylated BAD 155) were converted to alanines, rendering endogenous BAD refractory to phosphorylation. We reasoned that in wild-type tissue, but failed to detect phosphorylated BAD in tissue obtained from BAD 3SA/3SA mice ( Figure 1D) . any specific defects observed in BAD 3SA/3SA mutant mice would reveal the circumstances in which BAD inactiva-Similar results were obtained using antibodies that specifically recognize BAD when it is phosphorylated at tion by phosphorylation is required for normal cell function. We show here that in select cell types, survival Ser-112 or Ser-136 (data not shown), indicating that we had generated animals in which endogenous BAD is no factors require BAD phosphorylation to prevent developmental apoptosis, as growth factor-dependent sur-longer capable of being phosphorylated at the three critical regulatory sites (Ser-112, Ser-136, and Ser-155), vival is attenuated in BAD 3SA/3SA cells from the immune and nervous systems. These findings demonstrate that but in which BAD levels and patterns of expression are normal. BAD dephosphorylation alone, even when survival factors are present, is sufficient to promote cell death in To establish that mutation of the regulatory serines in BAD did not create a BAD molecule that functions in some circumstances.
The analysis of BAD 3SA/3SA mice also reveals that a a dominant manner to interfere with survival-promoting kinases, we assessed the expression levels and phos-primary function of BAD phosphorylation is to allow growth factors to block cell death induced by a variety phorylation status of Akt, PAK, and p90 Rsk , three kinases proposed to mediate BAD phosphorylation. As shown of apoptotic stimuli. Growth factors can block cell death induced by either the cell-extrinsic apoptotic pathway in Figure 1E , the expression levels and phosphorylation status of these kinases was similar in BAD ϩ/ϩ and (which is activated by death cytokines such as TNF␣), or by the cell-intrinsic apoptotic pathway (which is acti-BAD 3SA/3SA brain lysates, as were the levels and phosphorylation status of other survival signaling substrates, vated after cellular damage). Activation of either pathway results in increased activity of proapoptotic BCL-2 including FOXO3a and CREB ( Figure 1F ; Datta et al., 1999) . In addition, the levels of expression of BCL-2 family members, which induce mitochondrial dysfunction to cause cell death. We find that growth factors family members were also not significantly altered in the BAD 3SA/3SA animals ( Figure 1G ). These data demonstrate require endogenous BAD phosphorylation to protect cells from death induced by activation of cell-intrinsic that the serine-to-alanine mutations in endogenous BAD render BAD unresponsive to survival signals, but do not or cell-extrinsic death pathways because BAD phosphorylation raises the threshold at which mitochondria apparently alter the signaling pathways that regulate cell survival upstream of BAD or the expression levels release cytochrome c. Taken together, these findings identify a biological function for growth factor-mediated of other BCL-2 family members. BAD phosphorylation in regulating cellular responses to death signals.
A Requirement for BAD Phosphorylation during Immune System Development Results
Homozygous BAD 3SA/3SA mice were obtained at the normal Mendelian frequency, and histological analysis of Generation of BAD Knockin Mice most tissues from BAD 3SA/3SA animals revealed no gross To generate BAD knockin mice (BAD 3SA/3SA ) in which each abnormalities. However, examination of immune tissues of the regulatory serines (Ser-112, Ser-136, and Ser-155) revealed that mutant BAD animals exhibit a defect in was converted to alanine, we constructed a targeting the growth factor-dependent survival of lymphocytes. vector in which mutations in these three serines were Both the weight of the thymus (37.5 Ϯ 1.3 mg versus introduced into the genomic BAD sequence and linked 22 Ϯ 1.0 mg, p Ͻ 0.0007) and the number of cells in the to silent restriction fragment length polymorphisms thymus (6.4 ϫ 10 7 Ϯ 0.7 cells versus 3.5 ϫ 10 7 Ϯ 0.1 (RFLPs) to facilitate genotyping ( Figure 1A) . This tarcells, p Ͻ 0.01) were significantly lower in BAD 3SA/3SA than geting vector, which contained a positive selection in BAD ϩ/ϩ adult mice (Figure 2A ). Therefore, we sought marker flanked by recognition sites for the FlpE recombito determine whether BAD phosphorylation was renase (FRT-Neo-FRT) successfully recombined with the quired for the appropriate development of T cells. In the endogenous BAD locus of embryonic stem (ES) cells, as thymus, T cell development progresses in a stepwise revealed by Southern blotting (Figure 1B) . After germline manner, each stage of which is characterized by the transmission of the mutant BAD allele in mice was estabexpression of a unique complement of cell surface marklished, the FRT-Neo-FRT cassette was excised from ers (Shortman and Wu, 1996) . An early T cell progenitor the genomic BAD sequence by crossing BAD 3SA(NEO)/ϩ in the thymus, the pre-pro-T cell, expresses the CD44 animals with transgenic mice that express the FlpE remarker but does not express either the CD25 marker or combinase (Farley et al., 2000) . Excision of the neomycin the T cell receptor. As pre-pro-T cells differentiate into gene was confirmed by Southern blotting to detect the pro-T cells, they express CD25 and undergo T cell receppresence or absence of the FRT-Neo-FRT cassette, and tor rearrangement. As pro-T cells differentiate into pre-T a PCR-based assay was performed to detect the RFLPs cells, they express the T cell receptor, and as maturation linked to the BAD serine-to-alanine mutations ( Figure 1C) . continues, they express the CD4 and/or CD8 coreceptor Western blot analysis of protein extracts of whole molecules. To analyze thymic development in BAD ϩ/ϩ brain ( Figure 1D ) and other organs (data not shown) revealed that the amounts of BAD protein expressed in and BAD 3SA/3SA mice, the numbers of thymocytes at each stage of development were analyzed by fluorescence-the total number of mature splenic B cells were lower activated cell sorting (FACS). These experiments rein BAD 3SA/3SA animals relative to their wild-type countervealed that BAD 3SA/3SA mice, when compared to wildparts ( Figure 2E ). These findings demonstrate that BAD type animals, have significantly fewer CD25ϩ pro-T cells phosphorylation is important for the normal develop-(50.6 Ϯ 9.1 percent of wild-type; Figure 2B ). Consistent ment of pro-B and pro-T cells, and are consistent with with this finding, the proportion of CD44ϩCD25Ϫ prea model in which IL-7-mediated BAD phosphorylation pro-T cells was increased in BAD 3SA/3SA thymuses is important for the ability of IL-7 to promote cell survival. endogenous BAD phosphorylation in wild-type neurons we tested the possibility that the observed loss of pro-T but cannot stimulate BAD phosphorylation in BAD 3SA/3SA cells in BAD 3SA/3SA mice was due to the inability of IL-7 neurons, we compared the ability of IGF-1 to promote to promote the survival of these cells. To obtain an the cell survival of BAD ϩ/ϩ and BAD 3SA/3SA cerebellar granadequate number of cells to perform biochemical analyule cells. We found that after 48 hr of treatment with sis, we isolated pro-T cells from 3-week-old RAG2 Ϫ/Ϫ IGF-1, significantly more wild-type neurons survived animals, as thymocytes from these mice are developthan BAD 3SA/3SA neurons, indicating that BAD phosphorymentally arrested at the pro-T stage (Shinkai et al., 1992) . lation contributes to the IGF-1-mediated survival of cer-Consistent with the possibility that in pro-T cells IL-7 ebellar granule neurons ( Figure 3A ). normally promotes survival by phosphorylating and in-Despite the defects observed in IGF-1-mediated suractivating BAD, we found by Western blot analysis that vival in BAD 3SA/3SA neurons, IGF-1 was still capable of BAD was expressed in pro-T cells from RAG2 Ϫ/Ϫ mice, partially blocking the apoptosis of BAD 3SA/3SA cells, sugand became newly phosphorylated after treatment with gesting that IGF-1 and other growth factors may also IL-7 ( Figure 2C ). These findings led us to test whether inhibit other proapoptotic proteins to block cell death. the loss of pro-T cells observed in the BAD 3SA/3SA mutant One such target may be FOXO3a, a transcription factor mice reflects a failure of IL-7 to promote the survival of of the Forkhead family, whose activity is regulated by BAD 3SA/3SA pro-T cells. We isolated pro-T cells from growth factor-dependent phosphorylation ( FOXO3aTM; Figure 3B) .
These results also demonstrate that activation of a second apoptotic pathway more effectively reveals the proapoptotic function of dephosphorylated BAD. The observation that BAD dephosphorylation sensitizes cells to apoptosis induced by active FOXO3a led us to investigate whether the functional synergy between BAD and FOXO3a is specific, or whether it reflects a more general ability of dephosphorylated BAD to sensitize cells to the activation of other apoptotic signaling pathways. If this were found to be true, then endogenous BAD phosphorylation would be essential for the normal ability of growth factors to attenuate cell death caused by proapoptotic signaling. To address this possibility, we generated mouse embryo fibroblasts (MEF) from E13.5 BAD ϩ/ϩ and BAD 3SA/3SA embryos. MEFs are well suited for studying whether BAD phosphorylation blocks death induced by death receptor activation or genotoxic stress, since the phosphorylation state of BAD in MEFs can be regulated by the addition or withdrawal of growth factors ( Figure 4A ). In addition, BAD 3SA/3SA MEFs appear healthy and do not exhibit an increased rate of spontaneous apoptosis relative to BAD ϩ/ϩ MEFs in the presence or absence of growth factors (data not shown).
To test the possibility that endogenous BAD phosphorylation in MEFs protects cells from the potentially lethal effects of apoptotic stimuli, we challenged MEFs with cell-extrinsic activators of death receptor signaling (such as TNF␣ or anti-Fas antibodies that ligate and activate the Fas receptor) or DNA-damaging agents (such as ␥ irradiation or the chemotherapeutic agent etoposide). We cultured both BAD ϩ/ϩ and BAD 3SA/3SA MEFs in 15% fetal calf serum, IGF-1, or platelet-derived growth factor (PDGF), conditions that induce BAD phosphorylation, treated the cells with either death receptor ligands or DNA-damaging agents, and assessed the relative levels of cell death. As shown in Figures 4B and 4C , BAD phosphorylation effectively countered cell death Figure 4B) . These findings suggest that growth BAD 3SA/3SA Mice Show Increased Sensitivity to Apoptotic Stimuli factors suppress the effectiveness of apoptotic signaling at least in part through the PI3K-dependent post-We next considered whether growth factor-mediated BAD phosphorylation also protects whole animals from translational modification of proteins such as BAD. Taken together, these results demonstrate that a func-death signals. We initially focused on the responses of BAD ϩ/ϩ and BAD 3SA/3SA animals to systemic activation of tion of growth factor-mediated BAD phosphorylation is to promote the resistance of cells to proapoptotic death receptor signaling, which has been implicated in a wide variety of infectious and noninfectious pathologies, stimuli. BAD 3SA/3SA animals died, with an average time to death of 121 Ϯ 54 min (n ϭ 11). In contrast, only 54% of BAD ϩ/ϩ mice died after anti-Fas antibody injection, with an average time to death of 495 Ϯ 23 min ( Figure 5A; n ϭ 10) . These findings reveal that dephosphorylation of BAD sensitizes animals to the potentially lethal effects of systemic activation of the Fas receptor pathway, and suggest that BAD phosphorylation plays a role in the whole organism by attenuating the apoptotic effects of death receptor signaling.
factors (
We next asked whether BAD phosphorylation also regulates the response of animals to DNA damage, with which mammalian organisms must contend throughout the course of a normal lifespan. Exposure of animals to ␥ irradiation induces organismal death, and growth factors have been shown to block ␥ irradiation-induced death, although the mechanisms by which survival factors attenuate DNA damage-mediated apoptosis were not clear (Neta et al., 1993; Rosen et al., 1999) . To determine whether BAD phosphorylation regulates organismal responses to genotoxic damage, we subjected both BAD ϩ/ϩ and BAD 3SA/3SA mice to 8.5 Gray of whole-body ␥ irradiation, and assessed mouse survival over a 3-week period. As shown in Figure 5B , BAD 3SA/3SA mice are hypersensitive to the effects of ␥ irradiation compared to BAD ϩ/ϩ mice. All of the BAD 3SA/3SA mice (n ϭ 17) subjected to ␥ irradiation died within the experimental period, as opposed to approximately 35% of control mice (n ϭ 11). We conclude that the maintenance of BAD in a phosphorylated and inactivated state renders mice less sensitive to the potentially deleterious effects of DNA damage. 
BAD Phosphorylation Alters the Threshold

tion of BAD sensitizes cells to proapoptotic signaling.
Retroorbital injection with PBS alone did not induce any mortality.
As the molecular basis for Fas receptor-dependent apo-(B) Adult female mice were subjected to 8.5 Gy of ␥ irradiation, ptosis is well characterized in many cell types (Li and and mortality was assessed over the time period indicated. Similar results were obtained with male mice, although the kinetics of death Yuan, 1999), we investigated the mechanism by which were accelerated (data not shown). the cleavage of BID in BAD ϩ/ϩ MEFs, but that BID was apoptotic responses to Fas signaling in type I cells suggests that BAD promotes apoptosis by acting at the cleaved to an equal extent in BAD 3SA/3SA MEFs in the absence or presence of death receptor activation (Fig-mitochondria, consistent with previous data indicating that BAD interacts with antiapoptotic BCL-2 family ure 6B).
BAD dephosphorylation sensitizes cells to the effects of Fas signaling. In both MEFs and mature thymocytes, ligation of the Fas receptor induces the nucleation of a receptor-proximal multiprotein complex that includes including fulminant hepatitis, vascular leak syndrome, and encephalomyelitis (Licon
The finding that BAD dephosphorylation does not alter members localized at the mitochondria. In addition, DNA-damaging agents and death receptor signaling in and histological analysis of tissues in the BAD 3SA/3SA mouse revealed little evidence of excessive cell death. type II cells induce apoptosis in a manner that is depen-BAD 3SA/3SA MEFs did not exhibit defects in proliferation, dent upon an increase in the activity of proapoptotic and did not undergo spontaneous apoptosis at a higher BCL-2 family members that act at the mitochondria (Purate than BAD ϩ/ϩ MEFs (Figure 4 and data not shown) . thalakath and Strasser, 2002). These observations led
The cell volume of BAD 3SA/3SA thymocytes was not altered us to hypothesize that dephosphorylated BAD might compared to wild-type cells, suggesting that the ability sensitize cells to apoptotic stimuli by lowering the mitoof BAD 3SA/3SA cells to maintain cell size, an indirect meachondrial threshold at which proapoptotic BCL-2 family sure of cellular health, is not impaired (data not shown). members trigger cytochrome c release. To test this hy-In addition, BAD dephosphorylation did not sensitize pothesis, we assessed the level of tBID-induced cytocells to apoptosis that occurs independently of mitochrome c release from isolated mitochondria from chondrial dysfunction, as mature thymocytes cultured BAD ϩ/ϩ and BAD 3SA/3SA livers. Purified BAD 3SA/3SA mitofrom BAD 3SA/3SA mice did not exhibit enhanced sensitivity chondria exhibited increased cytochrome c release relato death receptor signaling when compared to wildtive to BAD ϩ/ϩ mitochondria (27.7 Ϯ 5.6 percent release type thymocytes. In contrast, BAD dephosphorylation versus 13.4 Ϯ 2.7 percent release at 30 min), indicating sensitized MEFs and animals to apoptosis induced by that BAD dephosphorylation sensitizes mitochondria to death receptor signaling and DNA-damaging agents, the activity of tBID, a downstream effector of Fas signalwhich cause mitochondrial damage through the activaing ( Figure 6C) . As assessed by Western blot, BAD 3SA/3SA tion of proapoptotic BCL-2 family members (Figure 4) .
MEFs also exhibited biochemical characteristics consis-
Taken together, these findings suggest that BAD phostent with excessive release of cytochrome c after death phorylation and dephosphorylation specifically regulate receptor signaling, such as increased caspase-3the responses of cells to apoptotic stimuli that induce dependent cleavage of the poly-ADP-ribose polymerase mitochondrial dysfunction. relative to that observed in BAD ϩ/ϩ MEFs (Figure 6B) .
The mechanism by which dephosphorylated BAD co-These findings indicate that a function of growth factoroperates with other proapoptotic BCL-2 family members dependent BAD phosphorylation in both animals and such as tBID to stimulate mitochondrial dysequilibrium cultured cells is to raise the threshold at which mitoand cytochrome c release is not yet clear. The ability of chondria release cytochrome c in response to apoptotic dephosphorylated BAD to sensitize mitochondria to the stimuli.
proapoptotic effects of tBID may reflect the ability of dephosphorylated BAD to lower the effective concentra-Discussion tion of prosurvival BCL-2 family members such that less tBID is needed to induce BAK and BAX activation and The findings in this manuscript define a role for growth cell death (Wei et al., 2001 ). If such a mechanism operfactor-dependent BAD phosphorylation in increasing ates, one would predict that when prosurvival BCL-2 the resistance of cells to apoptotic stimuli. We find that family members are less abundant, cells would be more growth factors are unable to block effectively apoptosis sensitive to the effects of apoptotic stimuli. This predicinduced by either the cell-intrinsic or cell-extrinsic death tion is supported by the finding that mice in which propathways in BAD 3SA/3SA cells, consistent with a role for survival BCL-2 family members have been deleted are endogenous BAD phosphorylation in mediating survival hypersensitive to the effects of both cell-intrinsic and signals. This defect is also reflected at the organismal cell-extrinsic apoptotic signaling (Ma et al., 1995; Veis level, as BAD 3SA/3SA animals are more susceptible than et al., 1993).
BAD ϩ/ϩ animals to the effects of Fas receptor ligation
The low number of prolymphocytes observed in and ionizing radiation. Finally, growth factor-dependent BAD 3SA/3SA mice may be caused by the inactivation of BAD phosphorylation increases the ability of mitochon-BCL-2 and related proteins by dephosphorylated BAD. dria to withstand proapoptotic signals, as mitochondria
The loss of pro-T and pro-B cells in the BAD 3SA/3SA mice in which BAD is constitutively dephosphorylated release may also be a consequence of the DNA rearrangements more cytochrome c in response to tBID than do wildthat occur during the pro-T and pro-B stages of lymphotype mitochondria. As growth factors induce endogecyte development. Evidence suggests that physiological nous BAD phosphorylation in a large number of cell DNA rearrangements can induce the DNA damage retypes, these results suggest that BAD phosphorylation sponse (Danska and Guidos, 1997). Prolymphocytes plays a general role in raising the threshold at which that are undergoing DNA rearrangement may therefore mitochondria release cytochrome c and induce apoptobe particularly vulnerable to death when BAD is dephossis in response to death signals. We conclude that BAD phorylated, as active BAD sensitizes cells to the proapophosphorylation serves as a mechanism by which cells ptotic effects of the DNA damage response. Such a assess whether growth factors are present or absent mechanism may explain the finding that BAD 3SA/3SA mice during a proapoptotic stimulus, to allow cells to respond exhibit a specific defect in prolymphocytes, rather than appropriately when faced with conflicting extracellular in most other cells, in which DNA rearrangements are survival and death cues.
believed not to occur. Several lines of evidence suggest that BAD dephos-Additional defects whose cellular basis is not yet unphorylation specifically lowers the mitochondrial threshderstood were also noted in the BAD 3SA/3SA mice, includold for cell death, but does not nonspecifically cause ing low body weight, uterine atrophy, and ovarian dyscells to be generally unhealthy. BAD 3SA/3SA mice appeared function (data not shown). However, the largely normal as healthy as wild-type counterparts when housed in development of BAD 3SA/3SA mice was somewhat surprising and suggests that survival factors block cell death sterile conditions, BAD 3SA/3SA mice survived to adulthood,
